It was previously shown that virus-specific polypeptides made in HEp-2 cells infected with herpes simplex 1 form three groups designated a, P, and y whose synthesis is coordinately regulated and sequentially ordered. This report shows that one or more functional a polypeptides are necessary to turn on the synthesis of B and y groups, and conversely, one or more polypeptides in the latter groups turn off the synthesis of a polypeptides. Specifically, infected cells maintained in medium containing either canavanine, an analogue of arginine, or azetidine-2-carboxylic acid, an analogue of proline and hydroxyproline, synthesized a polypeptide at rates comparable to maximal rates in untreated infected cells but did not undergo the normal transition to , and y polypeptide synthesis. The transition to y polypeptide synthesis and shut-off of synthesis of earlier polypeptide groups proceeded normally if addition of canavanine was delayed until at least 4-5 hr after infection. Addition of canavanine after the onset of is and y polypeptide synthesis, i.e., between 2 and 3.5 hr after infection, resulted in sustained, simultaneous synthesis of all three polypeptide groups, a phenomenon not seen in untreated infected cells. Canavanine-treated infected cells, synthesizing a polypeptides, recovered the capacity to make 3 and -y polypeptides after removal of the analogue, but only after a 1-to 2-hr delay compared with infected untreated cells.
In preceding reports we-showed that the synthesis of about fifty virus-specific polypeptides could be detected in HEp-2 (human epidermoid carcinoma no. 2) cells infected with herpes simplex 1 [HSV-1 (F) I and that these polypeptides formed at least three groups, a, fl, and Sy, whose synthesis was coordinately regulated and sequentially ordered (1, 2) . Evidence for coordinate regulation was based on the observation that the synthesis of polypeptides comprising each group followed similar temporal patterns. Thus, the rates of synthesis of polypeptides of the a group were highest between 3 and 4 hr after infection and thereafter declined. The rates of synthesis of the P group were maximal from 5 to 7 hr after infection and then similarly declined. The y group was made at increasing rates until at least 12 hr after infection (2) . The conclusion that they were sequentially ordered was based on the requirements for their synthesis. The synthesis of a polypeptides required no prior infected cell' protein synthesis; they were made immediately after withdrawal of cycloheximide or of puromycin added to the culture medium at the time of infection. The production of P polypeptides required prior synthesis of a polypeptides, and in cultures synchronized with inhibitors of protein synthesis, the synthesis of -0 polypeptides coincided with a rapid decline in the synthesis of a polypeptides. A similar relationship was observed between g3 and 'y polypeptide synthesis (2) .
Few details are available concerning the mechanisms by which the sequential synthesis of coordinately regulated groups is effected, and these relate mostly to the transition from a to P polypeptide synthesis. Specifically, in cells treated with cycloheximide from the time of infection, transcripts arising from 10 to 14% of viral DNA accumulated in the cytoplasm even though the nuclei accumulated transcripts made from at least 50% of the DNA (3). The transcripts retained in the nucleus were not transported into the cytoplasm even after the drug was withdrawn and a polypeptide synthesis began (3), and no synthesis of 3 polypeptides ensued unless new RNA synthesis was permitted to take place (2) The hypothesis that functional a polypeptides are required for the synthesis of subsequent groups of polypeptides predicts that substitution of one or more amino acids by its analogue should prevent the transition from early to late polypeptide synthesis. In these experiments, canavanine and azetidine-2-carboxylic acid were added, at final concentrations indicated in Fig. 1 Two comments may be made in connection with the infected cell polypeptides identified in Fig. 1 . First, all a polypeptides, whether produced in untreated infected cells, after cycloheximide treatment, or in the presence of amino-acid analogues, undergo post-translational modification. Specifically, these polypeptides become phosphorylated (unpublished data) and migrate more slowly in polyacrylamide gels. The relationship between phosphorylation and reduced electrophoretic mobility is not clear, since the electrophoretic mobility of phosphorylated # polypeptides remains unchanged (e.g., ICP 6 and 39). With respect to Fig. 1, panel A , the difference in the position of ICP 4 labeled after cycloheximide treatment (autoradiogram 3, panel A) and in the presence of analogues is due to the differences in the duration of labeling intervals, since after a chase the bands comigrate. Second, treatment of uninfected HEp-2 cells with canavanine derepressed ICP 22 (Fig. 1C and D, autoradiograms 1 and 2) , which was previously seen after removal of cycloheximide from infected but not from uninfected HEp-2 cells (2). This polypeptide was previously thought to be an a polypeptide on the basis of its increasing rate of synthesis with increasing multiplicities of infection after removal of cycloheximide from infected cells (2, 3) . This polypeptide is also induced by incubation of uninfected cells at supraoptimal temperatures (38.50) (Cassai, Honess, and Roizman, unpublished data) and cannot now be regarded as being specified by the virus.
Evidence that cessation of early polypeptide synthesis requires the presence of functional late polypeptides
In the preceding section we showed that the addition of analogues early in infection prevented the transition from early to late protein synthesis, an indication that functional early proteins were required to effect this transition. In this The autoradiograms of labeled polypeptides from lysates of Proc. Nat. Acad. Sci. USA 72 (1975) section, we present experiments that show that the "shut- Nmu$4Wem off" of early polypeptide synthesis requires functional late polypeptides. In the first series of experiments (Fig. 1, panel  B) , canavanine was added to infected cells at times shown above the autoradiogram and the cultures were labeled from 9.5 to 10 hr after infection. In the second (Fig. 1, panel 0 (Fig. 1C and Fig. 2A and B) . As a consequence, by 18 hr after infection, ICP 4 and 0 accounted for 10 and 12%, respectively, of total protein synthesis.
(ii) Addition of canavanine after 4 hr after infection did not interfere with the normal transition from early to late protein synthesis with concomitant shut-off of a and i polypeptide synthesis. However, the rate of synthesis of y polypeptides was reduced (Fig. 2D) . (iii) Addition of canavanine between 2.75 and 3.5 hr after infection resulted in simultaneous and sustained synthesis of a, a, and 'y polypeptides. Compare, for example, the electrophoretic profiles of polypeptides from cultures exposed to canavanine at 2.75 hr in panel C of Fig. 1 and at 3 .5, 1, and 5.5 hr after infection in panel B.
Recovery of viral protein synthesis after withdrawal of amino-acid analogues
The purpose of these studies was to compare the synthesis of # and Sy polypeptides after withdrawal of canavanine with the normal pattern observed in untreated infected cells. In these experiments, the cultures were treated with canavanine from 0 to 8 hr after infection. The cells were then labeled, for intervals. shown above corresponding autoradiograms in Fig. 1 
DISCUSSION
In this paper we have shown that the addition of amino-acid analogues at different times after herpesvirus infection produces selective inactivation of "on" and "off" regulatory functions. Specifically, the data show that the function of one or more a polypeptides is required to turn "on" synthesis of subsequent polypeptide groups, since cells maintained in media containing amino-acid analogues from the time of infection made predominantly a polypeptides for at least 20 hr; the transition to later polypeptide groups did not take place. Moreover, the presence of functional polypeptides from subsequent groups is required to shut off the synthesis of a polypeptides, as evident from the fact that addition of analogues at about 3 hr after infection resulted in sustained simultaneous synthesis of all three polypeptide groups. Since the mRNA specifying a polypeptides appears to be relatively stable (2), the shut-off of a polypeptide synthesis is probably regulated at a post-transcriptional and possibly translational level., We previously reported a rapid decline in both host and a polypeptide synthesis after the synthesis of j# polypeptides (2).
In the experiments described in this paper, we observed a progressive reduction in the synthesis of host polypeptides in cells treated with canavanine from the time of infection. In these cells, a polypeptides continued to be synthesized at undimin- Proc. Nat. Acad. Sci. USA 72 (1975) 1280 Biochemistry: lioness and Roizman ished rates. These data suggest either that both a and f polypeptides are involved in the inhibition of host polypeptide synthesis and that this function of a polypeptides is not affected by analogue substitution, or that the inhibition of host polypeptide synthesis results from two independent steps of which only one is mediated by polypeptides synthesized after infection. Whatever the mechanism for the preferential inhibition of host cell protein synthesis, prolonged exposure of cells to canavanine from the time of infection provides an alternative procedure to cycloheximide treatment (2) for obtaining cells synthesizing predominantly viral a proteins.
Attention should also be drawn to the observation that after removal of analogues added at the time of infection there is both a delay in the onset and a decrease in the maximum amount of fl and y polypeptide synthesis. Although these data could be interpreted in terms of interference between functional and nonfunctional a polypeptides, we cannot presently exclude alternative explanations, such as impairment of essential host functions during the exposure to canavanine.
Amino-acid analogues have been elegantly used in studies by Jacobson et al. (5, 6) to demonstrate that the translational product of poliovirus RNA is a single polypeptide. The data presented in this paper show that amino-acid analogues are versatile tools for analysis of the relationships between time of synthesis, structure, and function of viral polypeptides and, in particular, for determining their roles in regulatory events.
These studies were done under the auspices of the Chicago Cancer Research Center of the National Cancer Institute (CA
